To investigate the effect of high-density electric current on the delay of fatigue crack initiation, the dislocation structures before and after the application of electric current were investigated by transmission electron microscopy. Dislocation density was quantitatively characterized before and after the application of electric current to further understand the mechanics of the healing effect. Atomic force microscope results showed that the slips disappeared locally and the slip height decreased on the surface of the specimens. Furthermore, the delaying effect of the crack initiation due to the application of electric current was evaluated by the fatigue crack-initiation model in which the accumulation of the dislocation density was considered.
Introduction
It is reported that at least half of all the mechanical failures are due to fatigue.
1) Therefore, it is essential to prevent fatigue fractures to improve long-term durability and reliability of structures. Although the application of electric current to improve the fatigue life has been proposed, 2, 3) many researchers have focused on fatigue crack healing. 4, 5) However, studies regarding the effect of current application on the delay of fatigue crack growth are limited. Recently, the effect of electric current on the dislocation structure in fatigue damage has been reported. Konovalov et al. 6, 7) found that the dislocation substructures changed by the electropulsing treatment. They concluded that the change of dislocation substructures was the responsible for the improvement of the fatigue lifetime. The effect of high density electropulsing on decreasing the dislocation density also has been observed. 8) Furthermore, it has been reported that the decreases of slip bands space and width due to the applied electric current are a potential way to prolong the fatigue crack initiation. 9, 10) However, the quantitative evaluation of the effect of the applied electric current on fatigue crack initiation has been limited to a few studies until now. During the fatigue loading process, the primary emphasis is on the fact that the fatigue crack initiation is caused by the accumulation of microdefects, such as dislocations 1113) in the material. To delay the fatigue crack initiation, it is necessary to investigate the effect of the applied electric current on the damaged microstructure of the material.
The aim of this study is to elucidate the role of delaying fatigue crack initiation with the application of electric current, from a viewpoint of its physical mechanism. On the surface of the specimens, the height of the slip bands was quantitatively measured by atomic force microscope (AFM). In the microstructure of the material, the dislocation density was quantitatively evaluated by transmission electron microscopy (TEM) and the section line method. Based on the combination of the experiments and the fatigue crack initiation model, the relationship between the change of dislocation structure due to the application of electric current and the delay of fatigue crack initiation was investigated.
Experimental Approach

Specimen
Austenite stainless steel SUS316 was used as the experimental material. The chemical compositions and mechanical properties of SUS316 are presented in Tables 1  and 2 , respectively. Metallographic observations showed that the average linear intercept grain size was approximately 75 µm in the initial state as shown in Fig. 1 . A notch was introduced in the dumbbell-shaped specimen at the center of one of the side edges as shown in Fig. 2 . The length and the root radius of the notch were 2 and 0.15 mm, respectively. The specimens were subjected to a stress relief annealing treatment at 1173 K for 10 min to remove the residual stresses caused by the machining process. After annealing, the surface of the specimen was polished using emery papers with grain numbers from #400 to #2000. Finally, the specimen was polished to a mirror finish by buffing with alumina powder with a grain diameter of 0.05 µm.
Fatigue test and application of electric current
Tensile fatigue tests under controlled load conditions with a hydraulic-driven testing machine were carried out at room temperature. The tests were conducted at a stress ratio of R = 0.05 and a frequency of f = 10 Hz. A high-density electric current was applied after the fatigue tests with different cycles using a transistor-type power source. Chromium copper with a 5 mm diameter was used as the electrodes. The two electrodes were connected to the side of the specimen, straddling the notch as shown in Fig. 3 . An electric current of 3 kA with a pulse duration of 0.5 ms was applied to the specimen.
Evaluation of the healing effect
The effect of the high-density electric current on fatigue crack initiation was investigated under the test condition of maximum net stress of · max = 115 MPa. Fatigue tests were carried out under the three types of conditions as shown in Table 3 , and under each condition, four specimens were used. In the present study, the fatigue crack initiation was defined as the number of fatigue cycles required for the crack length to reach 25 µm. The process of microcrack initiation was monitored by in-situ observation using optical microscopy (OM).
To observe the dislocation structure using TEM, thin foils with a 3 mm diameter were cut from the same position in the vicinity of the notch tip before and after the application of electric current as shown in Fig. 4 . The surface of the thin foil was mechanically polished to 100 µm thickness, and then electropolished with a double jet apparatus. Because the sample surface layers affected by the mechanical grinding were fully removed by subsequent electropolishing, this preparation procedure for the standard TEM sample can effectively preserve the original material structure.
The dislocation density has been measured by the section line method with the correlation for dislocation invisibility. 14, 15) Scanning lines were drawn horizontally and vertically over the observed images, and the number of intersection points of these lines with the dislocations was counted. The dislocation density can be expressed as the ratio of the number of points, N, to the product of the total length of the lines, L and the foil thickness, t:
The accuracy of the dislocation density measurements depends on the precise measurement of the foil thickness, which is determined by a convergent beam electron diffraction technique. 16) Kelly et al. 17) showed that the thickness can be measured by the convergent beam electron diffraction technique with an accuracy of 5%. The dislocation distribution highly influences the qualitative estimation of the dislocation density. In the present study, ten areas in one specimen were measured to determine the dislocation density under each condition. Similar dislocation distributions were observed in the specimens under each condition. Figure 5 shows the fatigue life based on the crack initiation at a maximum net stress of · max = 115 MPa. When the electric current was not applied, the crack initiation was observed at an average of 2.34 © 10 5 cycles as shown in Table 4 . It was found that the fatigue crack initiation was extended after the application of electric current. When the electric current was applied at 2.0 © 10 5 cycles, the crack initiation was observed at an average of 2.82 © 10 5 cycles with a maximum of 3.2 © 10 5 cycles. The number of cycles increased to 20.5% on average due to the healing effect. However, when the electric current was applied at 1.0 © 10 5 cycles, the crack initiation occurred at an average of 2.47 © 10 5 cycles. The increased number of cycles was limited to 5.3% on average. The results indicate that the application of electric current delays the fatigue crack initiation, and the delaying effect was different depending on the timing of the application of electric current. cycles was 5.51 © 10 12 m ¹2 . The dislocation density increased with an increase of loading cycles as shown in Fig. 8 . A large amount of the dislocation slips were observed at 2.0 © 10 5 cycles. The average dislocation density increased up to 1.08 © 10 13 m ¹2 . To investigate the effect of the current application on the dislocations, the dislocation structure was observed after the application of electric current as shown in Figs. 7(c), 7(d) and Figs. 8(c), 8(d) . It was found that the dislocation pile-ups disappeared and the dislocation density greatly decreased. Figure 9 shows the evolution of the dislocation density before and after the current application. It is noted that the average dislocation density decreased to 4.67 © 10 12 m ¹2 when the electric current was applied at 2.0 © 10 5 cycles. When the electric current was applied at 1.0 © 10 5 cycles, average dislocation density decreased to 4.0 © 10 12 m ¹2 . These results show that the delaying effect of the electric current on the fatigue crack initiation is related to the decrease of the dislocation density. Figure 10 shows the topography of the specimen surface observed by AFM. The characteristics of the slips at the same site were compared before and after the application of electric current. It was observed that the height of the slip bands decreased after the application of electric current. The slip bands A and B disappeared after the application of electric current. Figure 11 shows the characteristics of the surface relief profiles on the three different lines of S1, S2 and S3 as shown in Fig. 10(a) . It was found that the height of the slips decreased. It is noted that the slips are healed easily when the height of the slip is smaller than 10 nm. These results indicate that the slips were homogenized as a result of the local disappearance of the slips and the decrease of the slip height.
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Fatigue crack initiation model
To investigate the delaying effect of electric current on crack initiation, the dislocation structure is essential to relate the mechanism of crack initiation. Fatigue is characterized by a series of forward and reverse loading. The primary emphasis is the relationship between the fatigue crack initiation and the microstructure of the material.
1822) According to the classical dislocation dipole model proposed by Tanaka and Mura, 2326) the dislocations nucleate and slip in the slip bands under forward and reverse loading. Irreversible slip leads to dislocation motion on a slip plane and dislocation pile-ups. The dislocation density increases with the accumulation of showed the dislocation accumulation for the case of double piles-up. After cyclic loading of n cycles, the total density of dislocation is given by:
where,
1 is the maximum shear stress and¸2 is the minimum shear stress in one cycle. k is the frictional stress, G is the shear modulus, v is the Poisson's ratio and n is the number of fatigue cycles. The stored strain energy of dislocation can be expressed using the function of the dislocation density by 23 )
where 2a is the grain size. When the strain energy due to the dislocations accumulated at the plastic zone reaches a critical value, the microcracks at notch tip occurs. Therefore, the increase of the dislocation density is represented by the accumulation of the strain energy stored in the dislocation. When the dislocation density reaches a critical value, D f , the number of fatigue cycles leading to the crack initiation is obtained by equating the stored energy in the dislocation dipoles to the specific fracture energy (W s ).
Predicating the delaying effect of current application on crack initiation
According to the theories of crack initiation mentioned earlier, there are criteria for crack initiation that are based on the achievement of some critical damage accumulation. 26) From eqs. (2) and (4), we can obtain the relationship between the dislocation density, D and the fatigue cycles, n, as shown in Fig. 9 . Consequently, the damage parameter, P, can be readily evaluated in terms of the variation of the dislocation density.
where, D m and D i are the dislocation density of a damaged material and a non-damaged material, respectively. According to the experimental results that the fatigue crack initiation occurs at 2.34 © 10 5 cycles, a critical value of the dislocation density, D f = 1.03 © 10 13 , was calculated using the eq. (2). Hence, the delaying effect of the current application on the crack initiation was predicted by the decrease of the damage accumulation as shown in Fig. 12 . Comparison of the model calculation and the experimental data are presented in Table 4 . The damage parameter, P = 0.95, was obtained at 2.0 © 10 5 cycles using eq. (5) and decreased to P = 0.45 after the application of electric current. Hence, the number of cycles for the crack initiation was predicted at 3.24 © 10 5 cycles using eq. (2) . Although the average crack initiation cycles are less than the predicted cycles, the predicted number of cycles is within the scatter of the experimental results. However, when the electric current was applied at 1.0 © 10 5 cycles, the damage parameter, P, decreased from 0.53 to 0.38. The number of cycles for crack initiation was predicted at 2.45 © 10 5 cycles. It was found that the delaying effect of the current application depends on the healing effect on the fatigue damage. Therefore, the delaying effect due to the application of electric current corresponds to the fatigue crack initiation model of Tanaka and Mura. After applying the electric current, the decrease of the dislocation density can be used to predict the delay of the crack initiation.
Discussion
Effect of electric current on dislocation annihilation
Upon unloading, the total strain energy of dislocation is minimized in the system. Hence, the dislocations with opposite signs are activated to reverse slip on an adjacent plane. 24) Annihilation also occurs when two dislocations of opposite sign from different dislocation pairs approach each other. The movement and annihilation of the dislocations is an important mechanism of recovery. The annihilation of the dislocations reduces the dislocation density.
When the electric current was applied upon unloading, it can exert a drag on the dislocations as the electrons collide with the atoms. The force due to the drag is called the electron wind force and is proportional to the current density. 27) Williams et al. 28) experimentally verified the electron wind force exerted on the motion of nanoscale structures. The structures can be moved by the electron wind force back and forth when the direction of the current is changed. Therefore, the electron wind force may be one of the important reasons for the annihilation of dislocation. The retardation of the crack initiation affected by the reverse process of the dislocation in inert environments and at low temperatures has been demonstrated by Sriram et al. 29) and Kwon et al., 30) respectively. The increased reverse of dislocation has been proved to extend the number of cycles for crack initiation. On the basis of the experimental results, the reverse of dislocation leads to a uniform distribution and a low density of the dislocations. Thus, after the application of electric current, the dislocation density decreased due to the annihilation of the dislocation dipoles. On the other hand, the application of high-density electric current causes a high-speed heating. The increase in the temperature was approximately 230°C in this experiment. It is thought that the joule heating is a side effect. Zhou et al. 31) compared the dislocation densities under the treatments of electropulsing and annealing. It was found that the dislocation density in the electropulsed treatment is lower than that in the annealed treatment. Moreover, it was suggested that the effect of heating on the mobility of the dislocation is limited.
5.2
Effect of applied electric current on healing of slip bands As shown in Figs. 10 and 11, the step height of the slip bands formed during the cyclic loading was decreased after the electric current was applied. The mechanism for the healing of slip bands has not been clarified yet, but the reverse slip could occur due to the dislocation motion excited by electron wind force or the thermal compressive stress induced by the application of electric current. As was described in section 5.1, the electric current can exert a drag force on the dislocations as the electrons collide with the atoms when the electric current was applied. The dislocation motion was activated due to the electron wind force. In the microstructures, the dislocation motion can create the possibility of the reverse slip. In addition, the joule heating, because of the temperature rise upon the application of electric current, was in duration of 0.5 micro seconds. Therefore, the application of electric current is a high-speed heating process. When the rate of temperature rise is greatly higher than that of thermal expansion, the thermal compressive stress occurred in high-speed heating.
32) The thermal compressive stress could activate the reverse slip around the notch.
Conclusions
The delaying of the fatigue crack initiation was realized by the application of electric current. The disappearance of the slip bands locally and the decrease of slip height were observed after the application of electric current. In addition, the dislocation density decreased after the application of electric current. The delaying effect was shown by the fatigue crack initiation models that considered the effects of the dislocation density.
